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Abstract

This report describes modifications to the existing elastic perfectly plastic (EPP) analysis
ASME Nuclear Code Cases N-861 and N-862 required to apply the Code Case design methods
to Grade 91 steel. The critical difference between the existing Code Cases, applicable only
to 304H and 316H stainless steel, is that they do not account for material cyclic softening.
Grade 91 is a softening material at elevated temperature. As such, modifications to the
existing Code Case rules are required before they can be conservatively applied to Grade 91.
This report describes modified EPP methods applicable to softening materials like Grade
91. Additionally, the report describes the specific technical and administrative changes to
the existing EPP Code Cases that will be required to support Grade 91.
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1 Introduction

Nuclear Code Cases N-861 and N-862 establish design by elastic perfectly plastic (EPP)
analysis rules to cover the ASME Section III, Division 5 [5] ratcheting strain accumulation
and creep-fatigue damage design limits [3, 4]. The current Code Cases only allow the use of
the EPP rules for the Class A austenitic stainless steels 304H and 316H.

The EPP methods have several advantages over the traditional Division 5 design by
elastic analysis and design by inelastic analysis rules. The EPP methods still use a simplified
structural analysis, like the elastic provisions, but do not require complicated modifications
to the resulting stress and strain fields to account for creep and plasticity. The EPP rules are
relatively easy to execute and can serve as screening tools for potential structural designs.

The purpose of this report is to extend the EPP rules to cover 9Cr-1Mo-V (Grade 91)
ferritic-martensitic steel. The primary difference in the structural response of the austenitic
steels compared to Grade 91 is that the austenitic steels are cyclic hardening whereas Grade
91 is cyclic softening at elevated temperatures [14, 23, 24]. Under repeated cyclic load the
flow stress of the austenitic steels tends to increase, whereas for Grade 91 it tends to decrease.
This softening is caused by the meta-stable dislocation substructure found in Grade 91 in
the as-received condition. Even at moderately high temperatures this dislocation structure
immediately begins to undergo recovery, leading to a reduction in the dislocation density
and the flow stress.

A previous report on this topic [21] noted that the bounding theorems underlying the
EPP method for ratcheting strain accumulation preclude a cyclic softening material response
[1, 2, 7–9]. However, that report also notes that a modified version of the EPP method could
be used for a material with a saturating softening response. The cyclic flow stress in this
type of material decreases initially with cycling but eventually reaches a cyclic steady state
where the flow stress remains constant. This idea of a saturated softened state is critical to
the modified EPP methods proposed here.

The approach taken in this report is to compare the EPP design methods to consistent
full inelastic simulations. The reference inelastic model approximates the key features of the
response of Grade 91 steel – specifically cyclic softening and creep-fatigue failure. Capturing
this last mechanism requires adding a damage model to the standard model used to represent
cyclic viscoplasticity in the material [10–13].

This comparison can be applied to assess both the ratcheting strain accumulation and
the creep-fatigue design methods. The idea is to first generate consistent design data from
simulated virtual experiments using the reference model. This ensures that a comparison
between the inelastic model and the design method is fair – the data used in the design
calculation matches the reference model.

The results of the comparisons show that the EPP strain limits design method requires
modifications to conservatively bound the response of softening materials like Grade 91. This
report describes the theory underlying the proposed modifications and describes how to alter
the existing Code Case to make the appropriate changes. The inelastic comparisons show
that the EPP creep-fatigue method does not require any modification to apply to Grade 91.
As described in detail in the report, the D-diagram used to represent creep-fatigue interaction
in the EPP method already captures the effects of cyclic softening on creep-fatigue life. This
report then describes two complete EPP methods for Grade 91 steel and demonstrates the
conservatism of the proposed methods when compared to full inelastic simulations.
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Chapter 2 describes the consistent comparison method in detail and provides the reference
inelastic model used in the remainder of the report. Chapter 3 presents the results of the
consistent comparisons for the EPP strain limits methods and describes modifications to the
methodology required to account for the cyclic softening response of Grade 91. The next
chapter describes a similar comparison for the EPP creep-fatigue method. Here, however,
the conclusion is that no modifications to the existing EPP Code Case is required. Chapter
5 describes the changes to the existing Code Cases that will be required to implement the
methods for Grade 91 steel. The final chapter summarizes the report’s conclusions.
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2 Verifying design methods using full inelastic analysis

2.1 Verification strategy

The approach adopted here to test the existing EPP Code Cases, develop modifications for
softening materials, and test those modifications is a comparison to a full inelastic analysis.
For these comparisons we define a reference inelastic model. The goal of the design method
being tested then is to appropriately bound the response of this reference model for some
realistic structural component.

The key requirement of this approach is that the reference inelastic model describe a
realistic material response. This includes material failure – a reference model used to assess
a creep-fatigue design method must including a damage model that realistically describes
material failure under cyclic creep-fatigue loading. This is a difference between the type of
inelastic model required here and the type of inelastic model used for Section III, Division
5 design by inelastic analysis. A material model used for Code design does not require, and
arguably should not include, a damage model. However, a reference model for assessing a
design method must fail realistically.

The model does not need to perfectly describe the response of an existing HBB Class
A material. Instead, its response simply must be representative of the types of metallic
material used in high temperature nuclear components. This greatly reduces the amount of
work required to create the reference model as gathering experimental data and calibrating
a model is often a long process.

Making a fair verification comparison between the reference model and the design method
under consideration requires consistent design data. Simplified design methods often rely on
tables of representative or bounding, depending on the design method, material properties.
When used for a verification comparison this design data should be consistent with the
reference inelastic model. The easiest way to create this consistent design data is to follow the
same practices used to generate design tables for an actual material from experimental data,
but instead of physical experiments use corresponding virtual experiments, i.e. simulations
of experimental tests using the reference inelastic model.

This approach of verifying a design method by comparison to a reference model has
several advantages over a comparison to either standard lab experimental tests or actual
component failure data. In general, this approach eliminates most of the uncertainties in
material response, loading conditions, and structural geometry inherent in comparing to
actual test data. There is no variance in the response of the inelastic model – it will describe
the same constitutive response each time it is invoked, requiring no bounds on heat-to-
heat variation, differences in product form, etc. Similarly, because the reference data are
calculated with numerical simulations the loading conditions and component geometries are
known exactly, eliminating the need to bound this source of uncertainty. In contrast to
simplified lab experiments, finite element analysis allows consistent comparisons to be made
for realistic structural components subjected to realistic high temperature loads.

However, ultimately this method of design procedure verification must be viewed as pro-
viding a necessary, but not sufficient, test. Fundamentally, this verification strategy tests
the mechanical bounding theorems underlying a design method. Many design methods have
their origin in theoretical work deriving a bound on some relevant design quantity (deforma-
tion, stress, creep-fatigue damage, etc.) assuming some particular material response. These
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bounding theorems are then generalized to practical design methods.
The consistent comparison method can be used to probe the limits of the bounding

method, for example to determine which types of material response the method can safely
bound. This is exactly the type of test required for the present work, which aims to assess
whether an existing or modified EPP method can bound creep-fatigue damage and strain
accumulation in a softening material like Grade 91.

However, a complete design method must also account for the uncertainties described
above: variations in material constitutive response and applied loading, deviations in the
as-built geometry, etc. These requirements would necessitate altering the theoretical bound,
for example by incorporating lower bound, rather than average, material properties or by
including load and/or resistance factors in the design method. A comparison to a refer-
ence inelastic model cannot directly assess the adequacy of a method for addressing these
uncertainties.

That said, this method can serve to uncover potential flaws in design methodologies.
If a design method fails to pass this type of check, that is if it fails to adequately bound
the response of a some simulated structure with a known, reference inelastic constitutive
response, it demonstrates that there is a fundamental flaw in the theory underlying the
method. A design method that fails such a check is unlikely to be successful in engineering
practice.

2.2 Reference material model

The first task in assessing the EPP methods with a consistent comparison to full inelastic
simulations is to create the reference inelastic model. The key material feature of interest
is cyclic softening and so the reference model must replicate a realistic softening material
response. Beyond that, as discussed above, the model does not need to exactly reproduce
the response of any of the existing Class A materials. However, as the purpose of this report
is to establish the applicability of the EPP methods to the design of Grade 91 structures,
the model developed here closely matches the average constitutive response of Grade 91 as
represented by the design data contained in Section III, Division 5.

2.2.1 Constitutive model

2.2.1.1 Base model for inelastic deformation

The reference inelastic model used here builds on a model for material rate sensitivity de-
scribed in a previous report [22]. The model accounts for a change in the character of
inelastic deformation from rate insensitive at lower temperatures and faster strain rates to
rate sensitive at higher temperatures and slower rates. Fundamentally, the model uses a
unified viscoplastic decomposition of the total strain rate into elastic, inelastic, and thermal
strain parts

ε̇ = ε̇e + ε̇vp + ε̇th. (2.1)

The thermal strain rate comes from the instantaneous coefficient of thermal expansion Grade
91 steel, as described in Section II of the ASME Code:

ε̇th = αṪ I (2.2)
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where α is the temperature-dependent thermal expansion coefficient, Ṫ is the temperature
rate, and I is the identity tensor. The elastic component is proportional to the stress rate
through the isotropic elasticity tensor defined by the temperature dependent Section II elastic
constants for Grade 91

ε̇e = C−1 · σ̇. (2.3)

The inelastic component switches between a rate independent and a rate dependent update
depending on the current value of the Kocks-Mecking normalized activation energy [16, 17,
20]

g =
kT

µb3
log

ε̇0
ε̇

(2.4)

where k is the Boltzmann constant, T absolute temperature, µ the temperature dependent
shear modulus (as implied by the Section II temperature dependent Young’s modulus and
Poisson’s ratio), b the Burgers vector, ε̇0 a reference strain rate, and ε̇ the current strain
rate. A critical value of the activation energy, g0 defines the switch point:

ε̇vp =

{
ε̇ri g ≤ g0

ε̇rd g > g0.
(2.5)

The rate independent update is

ε̇ri = γ
∂f

∂σ
(2.6)

γ ≥ 0 (2.7)

f (σ,h, σ0) ≤ 0 (2.8)

γf (σ,h, σ0) = 0 (2.9)

γḟ (σ,h, σ0) = 0 (2.10)

and the rate dependent update is

ε̇rd = γ
∂f

∂σ
(2.11)

γ =

〈
fn

η

〉
. (2.12)

Here, f is some flow function or yield surface, for the rate-dependent and rate independent
updates, respectively, and h are the model history variables. One key aspect of this model
is that the rate-dependent and rate-independent updates consistently use the same f and
the same h so that prior history in the rate-independent regime affects subsequent rate-
dependent deformation and vice-versa.

For the reference model the flow parameters are, for the rate-independent update

σ0 = µeC (2.13)
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Figure 2.1: Kocks-Mecking master curve for Grade 91 steel, as established from a large
experimental database.

and

σ0 = 0 (2.14)

n = − µb3

kTA
(2.15)

η = eBµε̇
kTA/(µb3)
0 (2.16)

for the rate-dependent update.
The flow constants A, B, C, and g0 are fit using a Kocks-Mecking diagram. The reference

material model uses the Kocks-Mecking diagram for Grade 91 steel and so it has, at least
approximately, the same flow characteristics. Figure 2.1 shows the Kocks-Mecking diagram
for Grade 91, as defined by a large database of experiments. These diagrams plot the flow
stress, normalized by the temperature-dependent shear modulus, versus the Kocks-Mecking
activation energy. More details on how to create these diagrams and extract the relevant
material properties are provided in [22].

From this data C is the ordinate value of the horizontal line describing the rate-insensitive
normalized flow stress. A is the slope and B the intercept of the linear portion of the
curve describing the material’s rate sensitive flow stress. g0 is the cutoff activation energy
separating the two regimes.

The reference material model uses a standard J2 flow rule and yield surface

f = J2 (σ − x)−
√

2

3
σi. (2.17)

The Kocks-Mecking model gives the base material flow stress. A hardening/softening
model completes the description of the material in an undamaged state. Here this model
represents a material that undergoes cyclic and work softening. The basic hardening model
is a Chaboche model [12, 13], including the static recovery terms, supplemented with a
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Parameter Value
A -8.06
B -2.18
C -5.02
g0 0.349
ε̇0 1010 s−1

b 2.48× 10−7 mm

Table 2.1: Flow model parameters.

Voce model for isotropic softening. This model has three history variables, the scalar ˙̄εvp
equivalent inelastic strain with evolution equation

˙̄εvp =

√
2

3
ε̇vp : ε̇vp (2.18)

and two backstresses x1 and x2, each with the evolution equation

ẋi =

(
2

3
Cin−

√
2

3
γi (ε̄vp)xi

)
γ̇ − Ai

√
3

2
‖xi‖ai−1 xi. (2.19)

The isotropic term in Eq. 2.17 is given by the Voce equation

σi = σ0 +Q (1− exp (−δε̄vp)) (2.20)

and the total backstress is the sum of the two individual backstresses

x =
n∑
i=1

xi. (2.21)

These equations fully define the undamaged response of the reference inelastic model.
The Kocks-Mecking flow parameters are temperature independent as the dependence of flow
stress with temperature is a part of the Kocks-Mecking model for thermal activation. Table
2.1 gives these temperature independent material properties. In general the parameters
defining the models for the flow hardening/softening model are temperature dependent.
For the reference model these parameters are described at five temperature control points.
The model linearly interpolates the parameters to values of temperature in between the
five control temperatures. Table 2.2 lists the temperature-dependent model parameters.
As mentioned above, the model elastic and thermal properties are take directly from the
properties of Grade 91 steel described in Section II of the ASME Code.

This form is fairly typical for high temperature modeling of structural steels. Note
however that the Voce saturation stress Q is negative. This isotropic softening competes
with the kinematic hardening to make the model work hardening but cyclic softening at low
temperatures and both work and cyclic softening at elevated temperatures. This matches
the experimentally-observed response of Grade 91.
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Parameter 25◦C 500◦C 550◦C 600◦C 650◦C
Q -100 MPa -80.0 MPa -100 MPa -100 MPa -130 MPa
δ 2.0 1.61 0.810 2.0 4.5
C1 27000 MPa 40100 MPa 27500 MPa 27500 MPa 27500 MPa
γ1 350 360 300 350 350
A1 1.38× 10−15 6.87× 10−16 1.27× 10−15 1.00× 10−15 8.43× 10−16

a2 3.32 2.69 4.19 4.04 5.92
C2 7000 MPa 0 MPa 0 MPa 0 MPa 0 MPa
γ2 92 0 0 0 0
A1 2.32× 10−16 0 0 0 0
a2 3.45 0 0 0 0

Table 2.2: Temperature dependent hardening/softening parameters.

2.2.1.2 Damage model

This model for inelastic deformation must be supplemented with a model for creep-fatigue
damage. The goal here is to represent, as much as possible, the failure behavior of Grade
91 steel to creep-fatigue, pure creep, and low cycle fatigue loading. Additionally, the model
must interface cleanly with an existing model for deformation. This last requirement is an
implementation concern: the damage model was implemented as a subsequent addition to the
already-implemented model for deformation described in the previous section. Additionally,
the damage models were implemented in a generic framework so that several different damage
formulations could be examined before arriving at the final model described below.

The damage formulation starts with a base model for material deformation σ (εn+1,hn+1).
In this context, this is the deformation model described in the previous subsection. The dam-
age model supplements this base model with a model for the evolution of a scalar damage
model, which in turn modifies the stress update:

σn+1 = (1− ωn+1)σ (εn+1,hn+1) (2.22)

ωn+1 = w

(
εn+1,

σn+1

1− ωn+1

, ωn+1

)
. (2.23)

Given this definition of a scalar damage model as supplementing an existing deformation
model, there are two implementation challenges. The first is to solve the modified, damaged
stress update given the next step total strain εn+1 and the material history and the second is
to modify the material model’s algorithmic tangent to be consistent with the superimposed
damage model.

The modified stress update solves the implicit integration of the stress evolution equation
and the scalar damage evolution equation:[

R1

R2

]
=

[
σn+1 − [1− ωn+1]σ (εn+1,hn+1)

ωn+1 − w
(
εn+1,

σn+1

1−ωn+1
, ωn+1

) ]
=

[
0
0

]
(2.24)

where the left side of this equation is a residual to be zeroed. The implementation solves
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this equation with Newton’s method, requiring the Jacobian of the residual equation

J =

[
I σ

(
εn+1,

σn+1

1−ωn+1
,hn+1

)
− ∂ω
∂σn+1

1
1−ωn+1

1− ∂ω
∂ωn+1

− 1
(1−ωn+1)

2
∂ω

∂σn+1
: σn+1

]
. (2.25)

The damage model must provide, in addition to the update equation w, the derivatives ∂w
∂σ

and ∂w
∂ω

. Note each iteration computing the residual and its Jacobian calls the base material
stress update σ (εn+1,hn+1), which itself typically involves solving a nonlinear systems of
equations using an iterative scheme. So this method of superimposing damage on an existing
deformation model saves time in implementation but may be computationally more costly
than directly solving the coupled damage and deformation update equations.

This modified, damaged stress update alters the definition of the material algorithmic
tangent

An+1 =
dσn+1

dεn+1

. (2.26)

The modified tangent is

An+1 = (1− ωn+1)A
′
n+1 − σ′n+1 ⊗

dωn+1

dεn+1

(2.27)

with the primed (′) quantities representing the base material update and algorithmic tangent,
without damage. Given this base material model the only new derivative to be determined
is dωn+1

dεn+1
.

Using the implicit function theorem

dω

dε
=
∂ω

∂ε
+

(
∂ω

∂σ′
· ∂σ

′

∂ω

)
dω

dε
+
∂ω

∂σ′
· ∂σ

′

∂σ

dσ

dε
+
∂ω

∂ω

dω

dε
(2.28)

dω

dε
=
∂ω

∂ε
+

(
1

1− ω
∂ω

∂σ′
· σ′
)
dω

dε
+

1

1− ω
∂ω

∂σ′
· dσ
dε

+
∂ω

∂ω

dω

dε
(2.29)(

1− 1

1− ω
∂ω

∂σ′
· σ′ − ∂ω

∂ω

)
dω

dε
=
∂ω

∂ε
+

1

1− ω
∂ω

∂σ′
· dσ
dε

(2.30)

Let k = 1− 1
1−ω

∂ω
∂σ′ · σ′ − ∂ω

∂ω
then

dω

dε
=

1

k

∂ω

∂ε
+

1

k (1− ω)

∂ω

∂σ′
· dσ
dε

(2.31)

Combined this with Eq. 2.27:

An+1 = (1− ωn+1)A
′
n+1 −

1

k

(
σ′n+1 ⊗

∂ω

∂ε

)
− 1

k (1− ω)

(
σ′n+1 ⊗

∂ω

∂σ′

)
·An+1 (2.32)

An+1 = (1− ωn+1)A
′
n+1 −

1

k

(
σ′n+1 ⊗

∂ω

∂ε

)
− 1

k (1− ω)

(
σ′n+1 ⊗

∂ω

∂σ′

)
·An+1 (2.33)
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Parameter Value
C 562.04
n 0.0
m 2.2675
c1 2.9574
c2 2.0
c3 0.01

Table 2.3: Damage model parameters.

An+1 =

{
I +

1

k (1− ω)

(
σ′n+1 ⊗

∂ω

∂σ′

)}−1{
(1− ωn+1)A

′
n+1 −

1

k

(
σ′n+1 ⊗

∂ω

∂ε

)}
.

(2.34)

Equation 2.34 gives an expression for the new algorithmic tangent, a total derivative,
using only partial derivatives of the damage model and the existing undamaged material
algorithmic tangent. Two of the three partial derivatives of the damage function are required
for the stress update Jacobian, described above. The third, ∂ω

∂ε
is unique to modified tangent

calculation. All three must be provided along with the damage function.

The particular damage model used for the reference inelastic model uses the damage
evolution rate

ω̇ = Cβ (ω) σ̄n ˙̄εm (2.35)

where σ̄ is the standard von Mises equivalent stress and the β function is defined as

β (x) =
Γ(c1 + c2)

Γ(c1) + Γ(c2)

(
(c1 − 1)xc1−2 (x− 1)c2−1 − (c2 − 1)xc1−1 (1− x)c2−2

)
− c3 (2.36)

with C, c1, c2, and c3 all parameters and Γ the standard gamma function. The actual damage
function w is an implicit integration of this damage rate

w = wn + ω̇∆tn+1. (2.37)

Damage is then proportional to the effective stress and total effective strain rates raised
to some power. The β function accelerates damage at the end of life to achieve a realistic
rapid failure over the last few load cycles and furthermore smoothly decreases the material
stress to zero at the end of life to allow using the damaged material in finite element simu-
lations. Essentially, the β function smoothly kills an element in a finite element calculation,
rather than allowing the stresses to continue into negative values or abruptly zeroing the
element stresses both of which can lead to numerical convergence problems. The constants
c1 and c2 calibrate this end of life behavior while constant c3 sets the initial rate of damage
accumulation.

Table 2.3 lists the damage model parameters used for the reference inelastic model. These
parameters are temperature independent. They were calibrated to approximate the failure
characteristics of Grade 91 at 550◦ C.
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Figure 2.2: Example simulations of pure fatigue loading comparing the model with the
damage model turned on and without damage. The loading conditions are T = 540◦C,
∆ε = 0.01 mm/mm full reversed loading, and ε̇ = 4× 10−3 s−1.

2.2.2 Example response

The equations and parameters described in the previous subsection fully defined the reference
inelastic model. Figure 2.2 shows results from a simulation demonstrating the effect of the
damage model. This is a material point simulations of fully-reversed fatigue loading. The
plot shows two example calculations – one using the deformation model without the damage
model and the second with the damage model turned on. The figure plots the minimum and
maximum stresses over each load cycle as a function of cycle count. Without the damage
model the material softens until it reaches some final, saturated material state. After this
saturation point the cyclic flow stress becomes constant. With the damage model turned on
rather than saturate the flow stress continues to decrease – at first slowly but serrating near
the end of life. The β function ensures that after abruptly falling off, effectively indicating
the end of the material fatigue life, the stresses smoothly approach zero.

Figure 2.3 compares the model isochronous curves, generated by simulating creep tests,
to the ASME Section III, Division 5 isochronous curves for Grade 91. Both the model and
the Code curves are for T = 550◦C. This comparison shows that the model approximates
the response of Grade 91 to creep loading, particularly for long hold times As described
above, the goal of the reference inelastic model was not to exactly reproduce the average
behavior of Grade 91 steel, but rather to reproduce the essential characteristic under study
here – cyclic and work softening – while maintaining a realistic or representative response to
other types of load. This figure shows the reference material model behaves reasonably for
pure creep loading.

2.2.3 Design data

Consistently comparing this reference inelastic model to some design approach requires con-
sistent design data that describes the reference model’s response. The EPP strain limits
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Figure 2.3: This figure compares the model isochronous curves at T = 550◦C to the Section
III, Division 5 isochronous curves for Grade 91 at the same temperature. In order from top
to bottom the curves are the hot tensile curve and isochronous curves for 1, 10, 100, 1,000,
10,000, 100,000, and 300,000 hours. The model curves are plotted with solid lines, the Code
curves with dashed lines.

Code Case requires values of the material yield stress Sy and the material isochronous curves.
The creep-fatigue Code Case requires fatigue curves, creep rupture curves, and a damage
diagram. This subsection describes obtaining these required data using simulated experi-
ments with the reference inelastic model and the standard ASME approach for converting
the (simulated) experimental data into the design charts.

Figure 2.4 compares the values of Sy obtained for the reference inelastic model to the
Code values for Grade 91 steel. The ASME approach for determining Sy is to first create
a database of yield stress values at a standard strain rate, commonly the ASTM E-21 [6]
value of 8.33 × 10−5 s−1, and at different temperatures. A best-fit trend line is established
for this baseline data. Then the trend line is uniformly scaled downwards so that the trend
line value for the yield stress at room temperature matches the minimum room temperature
yield stress for the material, as established by the relevant material standard.

To approximate this process for the deterministic reference model where there is no spec-
ification minimum yield stress we first simulated a large number of tensile tests at different
temperatures and at the ASTM E-21 standard strain rate. A best-fit trend line can be drawn
through this simulated experimental data. However, the reference model is deterministic – it
does not represent stochastic heat-to-heat material variation nor does it account for different
product forms. To approximate the ASME lower bound process we multiplied the best-fit
trend line by a factor of 0.67. This value is often used in the ASME code to move from
lower bound to average values of Sy. Indeed, as the figure shows, the scaled trend line does
decently approximate the Code values of Sy for Grade 91. This scaled trend line is used to
define the consistent values of Sy for the EPP design comparisons in subsequent chapters of
this report. A more comprehensive procedure would be use the Grade 91 minimum specified
yield stress and follow the full ASME scaling procedure.

The ASME Section III isochronous curves are supposed to represent the average creep
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Figure 2.4: Plot comparing the model values of yield stress to the Code values of Sy for
Grade 91 steel. To approximate the Code adjustment procedure used to calculate Sy from
material test data the actual model yield stress, as determined from simulated tension tests,
is multiplied by 0.67.

response of the Class A materials. For consistent design curves we simulated a large series
of creep tests at different temperatures and applied load levels. This creep data was directly
converted into the design isochronous curves shown in Figure 2.5. No bounding procedure
is required because the Code curves are supposed to represent average material behavior.

Section III of the ASME Code presents fatigue data as plots of number of cycles to failure
versus strain range. The underlying experimental data is from strain controlled cyclic tests.
To generate corresponding consistent data from the reference inelastic model we simulated
a large series of strain controlled tests for different, fully reversed strain ranges and at
T = 540◦C. Figure 2.6 plots the number of cycles to failure extracted from the simulation
results. This failure data agrees with the ASME Code data for Grade 91 for a low number
of cycles to failure. No effort was made to adjust the model to match the Code high cycle
fatigue data as the reference model will not be used in this loading regime. The ASME Code
fatigue curves apply two safety factors: a factor of 2 to the experimental strain range and a
factor of 20 on the experimental cycles to failure. The design fatigue curve is the worst case
of the two modified curves. The figure reproduces this approach and shows the resulting,
bounding fatigue curve for the reference inelastic model.

The Code uses a Larson-Miller [19] correlation to creep-fatigue data to establish design
rupture stresses Sr. The Larson-Miller parameter is

LM = T (log tr + C) (2.38)

where T is absolute temperature, tr is the experimental rupture life, and C a constant,
typically about 20. The Code assumes that a material’s creep rupture stress correlates to
this parameter. This correlation is typically established through a Larson-Miller plots, which
plot the logarithm of the rupture stress versus the Larson-Miller parameter for a large number
of creep-rupture tests. Figure 2.7 reproduces this approach for the reference inelastic model.
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Figure 2.5: Design isochronous curves for the reference inelastic material model calculated
from simulated creep tests beginning with as-received material. In order from top to bottom
the curves are the hot tensile curve and isochronous curves for 1, 10, 100, 1,000, 10,000,
100,000, and 300,000 hours.
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Figure 2.6: Model design fatigue curve at T = 540◦C compared to the ASME Section III,
Division 5 fatigue curve for Grade 91 steel at the same temperature. The plot also shows
the simulated fatigue experiment data used to create the model curve along with the effect
of applying the ASME factors of 2 on the (simulated) experimental strain range and 20 on
the (simulated) experimental cycles to failure.

Here the experimental data comes from simulated rupture tests. The ASME approach is to
determine a bounded lower bound fit to the experimental data.

The reference model produces deterministic rupture lives — for a given set of loading
conditions the model predicts the same rupture time without any random variation. The
scatter in the Larson Miller diagram comes from the process of simulating long-life creep
rupture tests using the inelastic model. By necessity these simulations use a very large time
step size, ∆t. When the simulations predict failure the data indicates that the true simulated
rupture life is somewhere between tn and tn+1 = tn+∆t. Adaptive integration could be used
to locate the rupture time more precisely, but this method was not applied here. As such,
there is some scatter in the simulated rupture lives as the true time to rupture falls randomly
in the final ∆t interval.

This small numerical variation does not replicate the relatively large experimental scatter
in measured rupture lives. To approximate the ASME lower bound procedure the best-fit
curve is simply shifted down by 10%. A better approximation would be to transfer the actual
measured scatter for Grade 91 rupture into the model. How, exactly, to accomplish this will
be a topic for future work.

Finally, the EPP creep-fatigue procedure requires a damage diagram. This diagram is
created using creep-fatigue experimental data. The procedure is, for each test:

1. Calculate the test fatigue damage Df = N
Nf

where N is the experimental number of

cycles to failure and Nf is the number of cycles to failure under pure fatigue loading
predicted by the design fatigue curve without the factors of two and twenty.

2. Calculate the test creep damage computed as Dc =
∫

dt
tf

where the integral domain

is the entire test time history and tf is the time to failure predicted by the design
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Figure 2.7: Larson-Miller rupture correlation used to generate design values of the rupture
stress Sr for consistent comparisons to the inelastic model.

creep-rupture correlation for average material behavior, not the lower bound.

3. Plot the (Dc, Df ) point on the D-diagram.

This process is repeated for each test, which results in a scatter of points on a damage-
diagram like the one shown in 2.8. The final D-diagram is a design envelope describing
the average behavior as typified by the experimental data. If a point falls inside the design
envelope it represents a loading that passes the design creep-fatigue check. Conversely, points
outside the envelope fail the design creep-fatigue check. Logically, the design envelope must
pass through the points (1,0) and (0,1) on the diagram. Division 5 uses two straight-line
segments to connect these points to some common intersection. This intersection point then
fully defines the design envelope. This design envelope is selected based by approximating the
plotted points representing creep-fatigue experiments. The envelope is supposed to represent
the average material response. Bounds to accommodate material variation are applied to
the design fatigue and creep-rupture curves, as described above.

Figure 2.8 shows the results of simulated creep-fatigue experiments with the reference
inelastic model and the selected design envelope with intersection point (0.075,0.01) overlaid
on the Code design envelope for Grade 91 steel, which has an intersection of (0.1,0.01).
Qualitatively, the reference inelastic model behaves very similarly to Grade 91 steel. Both
design D-diagrams predict severe creep-fatigue interactions.

The design information contained in Figs. 2.4 through 2.8 is sufficient to execute the
EPP strain limits and creep-fatigue code cases. Design calculations using these material
properties will be consistent with the reference inelastic model.
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Figure 2.8: The model damage diagram compared to the ASME Section III, Division 5
diagram for Grade 91 steel. The figure also shows the results of the simulated creep-fatigue
experiments used to create the model diagram.
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3 Strain limits

This chapter uses a consistent comparison to the full inelastic model, described in the pre-
vious section, to assess the conservatism of the existing EPP ratcheting strain accumulation
rules, designed for use with cyclic hardening austenitic steel, when used with Grade 91. The
conclusion is that the base rules are not conservative due to cyclic softening. We then propose
a modified design procedure and demonstrate that this modified procedure is conservative
when compared to full inelastic simulations.

The conclusions developed here agree with a previous report on the topic [21]. However,
the calculations presented here are new and based on the full inelastic model described in
the previous section.

3.1 Unmodified Code Case

Figure 3.1 shows the reference geometry used to compare the full inelastic model to the
EPP design calculations. The model represents a section of a thin-walled pressure vessel
away from geometric discontinuities like heads or nozzles. The vessel is subjected to a cyclic,
linear temperature gradient where the outer wall temperature remains fixed at 250◦C and
the inner wall temperature cycles between 250◦C and 550◦C. The heating and cooling rates
are both 100◦C/hour. At the same time, the vessel is under a constant pressure inducing a
hoop stress of σθθ = 110 MPa.

The analysis considers two types of cycles. The first npre cycles have zero hold time.
These impose some prior fatigue loading on the vessel. The remaining thermal cycles hold
the vessel in the hot condition for 100 hours each cycle.

The EPP strain limits Code case requires creating a composite cycle that represents the
key features of all the design loads. The EPP bounding analysis is rate independent and so
hold times can be discounted when constructing the composite cycle. Figure 3.1 also shows
the composite cycle corresponding to the full cycle. It simply removes the hold time from
the full load history.

Two methods were used to determine the ratcheting design life of this structure. The
first was a full inelastic analysis using the reference material model described in Chapter
2, not including the damage model. These simulations first apply npre cycles of preloading
followed by repeating the full thermal cycle until the accumulated inelastic strains over the
vessel wall exceed the ASME criteria:

1. Average strain of 1%

2. Linearized maximum strain of 2%

3. Maximum (peak) strain of 5%.

The final number of cycles, ntotal, was recorded along with the total time to failure.
A corresponding EPP calculation was used to determine the structure’s design life. This

calculation followed the rules contained in the Code Case for austenitic stainless steel, with-
out modification [3]. This involves computing a pseudoyield stress used to bound deformation
in the structure. This pseudoyield is based on the values of the material isochronous stress-
strain curves and the material yield stress Sy. The base Code Case uses the ASME Section
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Figure 3.1: Sketch illustrating the reference component used to assess the EPP strain limits
design method.
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Figure 3.2: Predicted design life comparison between the unmodified EPP ratcheting strain
design procedure and the reference inelastic model.

III, Division 5 isochronous curves, which are based on material in the as-received condition
– i.e. without any prior cycling.

The consistent EPP calculation uses the values of Sy and the isochronous stress-strain
curves established for the reference inelastic material model, without damage, in the previous
chapter. This is the direct equivalent of following the existing EPP Code Case rules by using
standard, non-cycled isochronous curves.

Figure 3.2 plots the ratcheting life of the structure as calculated with the inelastic model
versus the EPP design ratcheting life. Both lives are plotted as function of of the number of
prior fatigue cycles. The base EPP procedure produces non-conservative results – the EPP
design life is greater than the actual time to 1% strain predicted by the inelastic model.
The EPP design life is also constant no matter the number of pre-cycles. This is because
the EPP composite load cycle for this problem is exactly the same for the pre-cycling and
the main thermal cycling. Therefore, as the loading and bounding material properties are
always the same, the Code Case procedure always returns the same design life.

The pre-cycling applied in this problem softens the material and increases the subsequent
ratcheting deformation, leading to a shorter design life for the pre-cycled components. The
existing EPP design method does not capture this effect. This consistent comparison then
shows that modifications will be required to alter the EPP method to account for cyclic
softening material behavior.

3.2 Modified Code Case

The EPP Code Case does not account for the effect of cyclic softening on subsequent creep
deformation. For softening materials, like Grade 91, prior cycling increases the rate of
subsequent creep leading to an increased ratcheting rate and a lower design life.

The Code Case only uses two types of material data to bound ratcheting strain accu-
mulation: the material yield stress Sy and the values of the isochronous stress-strain curves.
Both of these properties will be affected by prior cyclic deformation in softening materials.
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Figure 3.3: Example comparing the softened isochronous curves to the reference curves using
creep data from as-received material. This example shows unsoftened and softened curves
for T = 550◦C. The curves in order from top to bottom are isochronous curves for 1, 10,
100, 1,000, 10,000, 100,000, and 300,000 hours. The presoftened curves were collected from
simulated creep data where the material was first precycled with 1000 cycles of fully reversed
strain-controlled loading with ∆ε = 0.004 at a strain rate of 10−3 s−1.

Cycling will decrease the yield stress of the material and reduce the values of the isochronous
stress-strain curve (by increasing the rate of subsequent creep deformation).

We can generate pre-softened isochronous curves and pre-softened values of the yield
stress for the reference material model. The idea is simply to first simulate n cycles of
fully-reversed strain controlled fatigue loading at some ∆ε, unload the simulation, and then
simulate a uniaxial tension or creep test. For the creep data, a large collection of such
pre-softened tests can be collected into a set of softened isochronous curves. Figure 3.3
shows an example of these softened isochronous stress-strain curves, comparing the softened
curves to the unsoftened curves calculated in the previous chapter. As expected, prior cyclic
deformation reduces the values of the curves.

This process can be repeated for a range of precycle counts (n) and fully-reversed strain
ranges (∆ε). Figures 3.4-3.7 shows such softened curves for 400, 450, 500, and 550◦ C and for
100, 250, 500, and 1000 cycles of prior fatigue loading. The general trend is that increasing
the number of pre-cycles decreases the values of the isochronous stress-strain curves. Similar
simulated pre-cycled uniaxial tension tests established values of the softened material yield
stress Sy.

We can now posit a modified EPP strain limits procedure that accounts for cyclic soften-
ing. The idea is to replace the material yield stress Sy with the softened material yield stress
and the values of the isochronous curves with their corresponding softened counterparts.

Figure 3.8 compares the design lives predicted by the full inelastic model, the unmodified
EPP procedure, and the modified EPP procedure. The modified EPP procedure, accounting
for cyclic softening, now bounds the lives predicted by the full inelastic model. This modified
EPP strain limits procedure can then form the basis of an ASME Code Case allowing the
use of the EPP ratcheting strain design procedure for Grade 91 steel.
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Figure 3.4: Softened isochronous curves for the reference inelastic material model. These
curves are constructed from simulated creep data after the material is precycled with 100
cycles of fully reversed, strain controlled loading at ∆ε = 0.004. In order from top to bottom
the curves are isochronous curves for 1, 10, 100, 1,000, 10,000, 100,000, and 300,000 hours.
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Figure 3.5: Softened isochronous curves for the reference inelastic material model. These
curves are constructed from simulated creep data after the material is precycled with 250
cycles of fully reversed, strain controlled loading at ∆ε = 0.004. In order from top to bottom
the curves are isochronous curves for 1, 10, 100, 1,000, 10,000, 100,000, and 300,000 hours.
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Figure 3.6: Softened isochronous curves for the reference inelastic material model. These
curves are constructed from simulated creep data after the material is precycled with 500
cycles of fully reversed, strain controlled loading at ∆ε = 0.004. In order from top to bottom
the curves are isochronous curves for 1, 10, 100, 1,000, 10,000, 100,000, and 300,000 hours.
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Figure 3.7: Softened isochronous curves for the reference inelastic material model. These
curves are constructed from simulated creep data after the material is precycled with 1000
cycles of fully reversed, strain controlled loading at ∆ε = 0.004. In order from top to bottom
the curves are isochronous curves for 1, 10, 100, 1,000, 10,000, 100,000, and 300,000 hours.
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Figure 3.8: Plot comparing the predicted design lives from the reference inelastic model to the
lives predicted by the unmodified EPP strain limits procedure using unsoftened isochronous
curves and the modified procedure using the softened curves.

3.3 Isochronous curve softening factors

The main obstacle towards applying this modified procedure to Grade 91 is obtaining values
of the softening material yield stress and softened isochronous curves. Conceptually, the
values of the softened isochronous stress/strain curves are functions of:

1. Temperature (T )

2. Number of prior fatigue cycles (n)

3. Strain range in fatigue (∆ε)

4. Design life (t)

5. Strain (ε).

Generating softened isochronous stress-strain curves for any combination of these parameters
is straightforward when using the reference inelastic model. Experimentally it would be much
more difficult to establish a suitable database of material properties. Additionally, in design
practice some of this information may not be available either. For example, the existing
EPP methods do not explicitly track the number of design cycles, but instead bound strain
accumulation over a design life. Furthermore, there will be additional design issues, for
example combining cycles of different amplitudes and at different temperature into a single
measure of cyclic softening.

To start, consider the softened isochronous stress strain curves as some fixed reduction
factor multiplied by the unsoftened isochronous curves collected from creep tests on material
in the as-received condition. A table of the values of this reduction factor, as a function of
the six variables listed above, could define the softened isochronous curves starting from the
existing Section III, Division 5 curves in a future Code Case.
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Figure 3.9: Softening factors for T = 550◦C plotted as a function of design life and number
of precycles.

This does not immediately reduce the number of variables required to define the soft-
ened isochronous curves. It is reasonable to assume that softening factors compiled for
fully-reversed loading bound other loading ratios. Strain can be eliminated from the list of
variables by noting that

1. The EPP Code Case only requires values of the isochronous stress-strain curves for
inelastic strains less than 1%.

2. The softening factors tend to increase as the accumulated strain increases.

Based on these assumptions, the softening factors are based on the isochronous curve values
at 1% inelastic strain. These values should bound the values at the lower strain levels that
could be used in executing the Code Case procedure.

Figure 3.9 plots the reduction ratio

σus (εinelastic = 1%)

σs (εinelastic = 1%)
(3.1)

comparing the values of the isochronous stress-strain curve at 1% strain, at 550◦ C, and for a
fixed, fully-reversed strain range as a function of cycle count and for different design lives. In
general, for the full inelastic model including damage, the softening factors do not saturate
to some limiting value.

However, if the simulations are run with the damage model turned off the softened flow
stress eventually saturates. Figure 3.10 illustrates this for simulated fatigue tests at different
conditions. The number of cycles required to reach saturation varies with the applied strain
range and the number of cycles, but eventually all the simulations reach this cyclic steady
state. If the material reaches a cyclic steady state then the isochronous stress/strain curve
reduction factors will likewise saturate. The value of the reduction factor in the steady-state
condition bounds the reduction factor corresponding to any other combination of strain
range or number of applied cycles. That is, the material will eventually reach this state
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Figure 3.10: Example showing how the model, with the damage model turned off, comes to
a steady saturated flow stress under cyclic loading. The figure plots the maximum stress for
each cycle of repeated strain controlled cyclic loading with ∆ε = 0.0047 at three different
temperatures.

regardless of the specific applied cyclic, strain controlled load. This, thus far hypothetical,
cyclic steady state allows us to eliminate both the number of cycles and the strain range
from the softening factors. This leaves only the temperature and the design life. The design
life can be eliminated by considering the softening factor for the maximum allowable Code
design life – currently 300,000 hours for Grade 91 but likely to be extended to 500,000 hours
in the near future. This report considers both maximum design lives.

The final reduction factors would be a function of temperature only. This existing EPP
Code Case could be easily modified to account for this softening factor.

However, does the actual material achieve some cyclic steady state? Figure 3.11 shows a
sample strain-controlled fatigue tests on Grade 91 at T = 600◦C. The experimental results
show that the material flow stress does not saturate but rather continues to decrease.

A closer look at the data shows two separate sources of softening. The maximum cycle
stress decreases quickly at first but then the rate of change per cycle slows down as the
material appears to trend towards some cyclic steady state. However, towards the end of the
test the rate of changes increases again and the cyclic flow stress tends towards zero. This
second trend is caused by the accumulation of fatigue damage in the material. This damage
further softens the material, ultimately causing failure.

The cause of this damage induced softening is physically distinct from the initial cyclic
softening. The initial softening is caused by dislocation recovery in the material reducing
the sessile dislocation density and therefore reducing the flow stress. This process would
eventually saturate if the material continued to deform under the same conditions.

In contrast, damage is caused by the nucleation, growth, and coalescence of voids in the
material. This process is distinct from the recovery mechanism causing the initial cyclic
softening and does not saturate.

Figure 3.11 illustrates an extrapolated saturated state assuming exponential decay fol-
lowing the initial portion of the softening curve and extrapolating out to the saturated flow
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Figure 3.11: Experimental fatigue data (personal communication, M. Li, Argonne National
Laboratory) for Grade 91 at T = 600◦C overlaid with a hypothetical saturated state.

of cyclic flow stress. This extrapolation intentionally ignores the later, damaged induced
softening.

We propose to use this hypothetical saturated state to determine saturated, “bounding”
values of the cyclic softening coefficient. These values are not strictly bounding – after
all the flow stress in actual experiments continues to decrease. However, we argue that the
creep-fatigue design rules, discussed in the next Chapter, will guard against the material ever
reaching the terminal, non-saturating, damage-induced portion of the cyclic softening curve.
This approach, described also in a previous report, forms the basis of the recommended
modifications to the existing EPP Code Cases, described in Chapter 5.
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4 Creep-fatigue

This chapter compares the EPP creep-fatigue Code Case N-862 [4] to the results of a con-
sistent full inelastic simulation. Figure 4.1 shows the reference component used for this
comparison. The component has the same geometry and similar loading conditions to the
component used for the evaluation of the strain limits procedure in Chapter 3. However, in
these simulations both the temperature and the pressure are cycled in phase. The consistent
comparison process is essentially the same as for the evaluation of the ratcheting strain de-
sign provisions. The simulations first apply npre cycles of prior, pure fatigue loading. In the
inelastic simulations the full load cycle, including hold, is repeated until the damage model
predicts the component fails.

The corresponding EPP calculations use a pseudoyield stress to bound creep damage in
the structure. This pseudoyield stress is based on a trial design life and the design rupture
lives, here established in Chapter 2. A strain range is extracted from the resulting EPP
analysis, which can be used to evaluate fatigue damage using the design fatigue curves also
described in Chapter 2. Finally, the values of creep and fatigue damage can be entered into
the design D-diagram and the structure evaluated to see if it passes the creep-fatigue design
evaluation.

All this design data was generated for the reference inelastic model in Chapter 2 for
material in the as-received condition.

Figure 4.2 compares the creep-fatigue design life calculated with the reference inelastic
model to the design life calculated from the unmodified EPP creep-fatigue Code Case. The
figure shows that the creep-fatigue life calculated with the Code Case EPP procedure is
conservative for any number of prior fatigue cycles. This indicates that that unmodified
method, established by Code Case N-862, should be conservative without modification, even
for a cyclic softening material like Grade 91. This is in contrast to the strain limits procedure,
which required a modification to account for prior cyclic softening.

Note the EPP design life becomes zero at around 250 cycles of pure fatigue loading. This
is because the EPP method predicts failure even when only applying the fatigue pre-cycles.

The reason why the creep-fatigue EPP design procedure does not require a modification
to account for cyclic softening is that the D-diagram already tacitly bounds the effects of
cyclic softening on creep-fatigue life. Recall that the damage diagram is constructed by
plotting the results of many creep-fatigue tests, in terms of their computed fatigue and creep
damage ratios, and drawing a design envelope through the data.

By definition these creep-fatigue tests include the effect of cycling on creep life (and vice-
versa). If cycling softens the material and accelerates the creep rates, like Grade 91, the
creep-fatigue experiments will capture this effect.

This explains why the creep-fatigue interaction for Grade 91 is so severe. The ASME
Section III, Division 5 diagram for Grade 91 uses an intersection point of (0.1,0.01) – by
far the most severe creep-fatigue interaction of any of the Class A materials. We argue
that this severe creep-fatigue interaction reflects the underlying material cyclic softening
causing elevated creep rates for fatigue-dominated loading, severely limiting the allowable
creep damage.
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Figure 4.1: Sketch illustrating the reference component used to assess the EPP creep-fatigue
design method.
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Figure 4.2: Plot comparing the design lives predicted by the unmodified EPP creep-fatigue
design procedure to the reference inelastic model.
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5 Proposed modifications to the EPP Code Cases

This chapter proposes modifications to the EPP Code Cases for austenitic steel to make
them suitable for use for Grade 91.

5.1 Strain limits: Code Case N-861

Chapter 3 proposes a technical change to the EPP method described in Code Case N-861
which accounts for cyclic softening by using reduction factors applied to the material yield
stress Sy and the values of the isochronous curve when these quantities are used to calculate
the pseudoyield stress for the EPP bounding procedure.

A prior report [21] described the process of developing softening factors for the isochronous
curves in greater detail. In addition to deriving softening factors based on a reference inelas-
tic model (that did not include damage) that report also described how to experimentally
measure softening factors using creep and creep-fatigue experiments. Table 5.1 reproduces
the experimental and model-based softening factors from the prior report. The table includes
bounding softening factors for both 300,000 and 500,000 hours maximum design lives. The
table also lists a suggested softening factor as a function of temperature based on the avail-
able data. This table covers the creep range for Grade 91, as defined by Section III, Division
5. The model predicted very rapid softening for the material at 650◦ C. A softening factor
of zero effectively bounds those results. Softening factors might be reasonably interpolated
in between table values.

Previous work has not considered corresponding softening factors for the material yield
stress Sy. However, the required experimental data is available in the literature in the form
of strain-controlled cyclic tests on the material. Table 5.2 suggests softening factors to be
applied to Sy based on the available experimental data extrapolated out to the saturated
cyclic state. Figure 5.1 shows an example of how this extrapolation was performed for the
available data at room temperature. The table cites the experimental data used to determine
the softening factor at each temperature. As with the isochronous curve softening factors it
would be reasonable to interpolate in between table values.

Several changes would be required to the Code Case N-861 language to include the
softening factors for Grade 91 steel. Changes in the following quotes from the existing Code
Case are emphasized with italics.

The inquiry and reply would need to be altered to allow Grade 91:

Temperature (C) Recommended Model factor Model factor Experimental factor
(300,000 hours) (500,000 hours)

375 0.85 0.87 0.87 -
400 0.83 0.85 0.85 -
500 0.77 0.79 0.82 -
600 0.70 0.72 0.71 0.68
650 0.0 - - -

Table 5.1: Table showing the recommended, model-based, and, where available experimental
isochronous curve softening factors for Grade 91.
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Temperature (C) Factor Sources
25 0.88 [24]
500 0.84 [15, 18]
600 0.72 [15, 18]
650 0.62 [15]

Table 5.2: Table showing the recommended softening factors for Sy for Grade 91.
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Figure 5.1: Figure showing how the experimental data (solid lines) was extrapolated out to
a saturated state (dashed lines).

Inquiry: What alternative rules may be used for the evaluation of strain limits in
compliance with Section III, Division 5, Subsection HB, Subpart B, HBB-3252 and
Nonmandatory Appendix HBB-T?

Reply: Strain limits for 9Cr-1Mo-V per Section III, Division 5, Table HBB-I-14.1(a)
may be evaluated using elastic-perfectly plastic material models instead of the proce-
dures of Section III, Division 5, HBB-T-1320, HBB-T-1330, and HBB-T-1713 when
performed in accordance with the requirements of this Code Case.

The analysis steps in Section 4 of the Code Case would need to be altered to implement
the softening factors:

Step 2. Select a target inelastic strain, x, where 0 < x < εavg, and εavg is equal to
0.01 for base metal or 0.005 for weldments. Define a pseudo-yield stress, SxT , at each
location, using the temperature determined from the transient thermal analysis. This
pseudo-yield stress is equal to the lesser of the quantities defined in (a) and (b) below.

(a) The yield strength, Sy, given in Section III, Division 5, Table HBB-I-14.5 multiplied
by the cyclic softening factor given in Table 1.

(b) The stress to cause, x, inelastic strain in time tdesign, as determined from the
isochronous stress-strain curves in Section III, Division 5, Figure HBB-T-1800, multi-
plied by the cyclic softening factor given in Table 2.

Table 1 of the new Code Case would be Table 5.2 in this report and Table 2 would the
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recommended values from 5.1.

5.2 Creep-fatigue: Code Case N-862

As described in Chapter 4 the current Code Case N-862 [4] does not require any fundamental
modifications to make it suitable for use in designing components made of Grade 91 steel.
The only required change to the current Code Case would be to alter the inquiry and reply
to allow designers to use the Code Case rules for Grade 91:

Inquiry: What alternative rules may be used for the calculation of creep-fatigue damage
in compliance with Section III, Division 5, Subsection HB, Subpart B, HBB-3252 and
Nonmandatory Appendix HBB-T?

Reply: Fatigue and creep damage may be evaluated for 9Cr-1Mo-V per Section III,
Division 5, Table HBB-I-14.1(a) using elastic-perfectly plastic material models instead
of the procedures of Section III, Division 5, HBB-T-1420, HBB-T-1430, and HBB-T-
1715 when performed in accordance with the requirements of this Code Case.

Changes to the existing Code Case language are highlighted with italics.
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6 Conclusions

This report describes modifications to the existing EPP procedures for evaluating the Section
III, Division 5 deformation controlled quantity design limits to account for cyclic softening
in Grade 91 steel. The modified EPP methods conservatively bound ratcheting strain ac-
cumulation and creep fatigue damage in Grade 91 steel and can be implemented as a new
ASME Nuclear Code Case.

The modified EPP strain limits method uses temperature dependent softening factors
to account for cyclic softening in Grade 91. These factors are based on an extrapolated
saturated, softened material condition. The actual material rarely reaches this condition
because creep-fatigue damage begins to accumulate first, causing a further reduction in the
flow stress. The ASME creep-fatigue rules guard against the development of creep-fatigue
damage and so the EPP rules, taken as a whole, will prevent damage-induced softening from
negatively affecting the proposed EPP strain limits procedure.

The analysis described in this report shows that no modifications are required to the
existing EPP creep-fatigue design provisions. The D-diagram used to represent creep-fatigue
interaction in the current rules already accounts for cyclic softening. Chapter 5 summarizes
potential Code Cases to implement the EPP rules for Grade 91 steel.

This report then completes work on modifying the EPP Code Cases to apply to Grade
91 steel. Further work may be required to provide additional supporting evidence to ASME
Code committees, but no substantial modifications to the design procedures are expected.
Additional creep-fatigue experiments of the type described in Chapter 3 may be needed
to validate the proposed isochronous softening factors for Grade 91. However, existing
experimental data agree well with the factors derived from model predictions and so an
extensive experimental program should not be required.
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